I. INTRODUCTION
It is now well established that antiferromagnets with triangular lattices potentially show strong magnetoelectric coupling [1] [2] [3] [4] [5] . Due to magnetic frustration with first neighbor antiferromagnetic interactions, these systems normally favor the in-plane 120
• antiferromagnetic state which can induce an electric polarization via various mechanisms [5] [6] [7] [8] . In some of these systems, the 120
• magnetic arrangement possesses two reversed directions of rotation around the triangle, defined hereafter as triangular chirality [9] . An electric poling process is then required in order to stabilize a single chiral magnetic domain. Lately, a new approach has emerged with noncentrosymmetric langasite-type compounds [10] , such as Ba 3 NbFe 3 Si 2 O 14 , where a single chiral magnetic domain is stabilized without the use of a poling process [11] . Neutron scattering measurements show that within each triangle, the Fe 3+ magnetic moments rotate by 120
• relative to each other while, at the same time, the moments form a helix with a propagation vector q = (0,0,τ ) with τ ≈ 1/7 [ Fig. 1(b) ]. Moreover, models show that the triangular chirality and the helical chirality (hereafter called helicity) along the c axis are both locked in by the structural chirality of Ba 3 NbFe 3 Si 2 O 14 [10, 12] . While the magnetic ground state of Ba 3 NbFe 3 Si 2 O 14 is already well understood, the microscopic mechanism leading to the magnetoelectric effect in this material remains to be settled experimentally [13, 14] .
At ambient temperature, Ba 3 NbFe 3 Si 2 O 14 crystallizes in the P321 noncentrosymmetric trigonal space group with the magnetic ion Fe 3+ (S = 5/2) forming a network of isolated equilateral trimers on a two dimensional triangular lattice [ Fig. 1(a) ] with consecutive planes well separated by planes of oxygen ions. This particular structure leads to a complex network of superexchange interactions between magnetic ions within each trimer, between moments on nearest trimers, and between nearest plane spins along the c axis [10, 15] . This network of interaction leads to high Curie-Weiss temperature, θ = −174 ± 4 K, with a much lower Néel temperature, T N = 27 K [10] . On the one hand, most neutron scattering measurements are interpreted as a dominant in-plane 120
• magnetic arrangement within each trimer with a helical spin structure propagating along the c axis and q = (0,0,0.1429) [ Fig. 1(b) ] [12, 15] . On the other hand, new neutron results [13] seem to indicate that the relative in-plane orientation of the spins within each trimer deviates from the perfect 120
• arrangement. This would imply a loss of the threefold symmetry c axis, compatible with the observation of a polarization aligned with the a axis [11, 13] . However, recent infrared and Raman measurements also suggest that a ferroelectric polarization exists even above the Néel temperature T N due to a structural phase transition (P 321 → P 1) around T p 120 K [16] . As pointed out by the authors, the main consequence of their analysis would be that Ba 3 NbFe 3 Si 2 O 14 could no longer be considered to be a magnetically induced multiferroic. Therefore considering that a structural phase transition at T P 120 K or T N = 27 K has not yet been confirmed by any other experimental observations, we have undertaken a series of high resolution velocity measurements on Ba 3 NbFe 3 Si 2 O 14 as a function of temperature and magnetic field. These measurements can also potentially shed light on the nature of the magnetoelectric effect observed in Ba 3 NbFe 3 Si 2 O 14 .
Sound velocity measurements presented in this work were realized on Ba 3 NbFe 3 Si 2 O 14 single crystals grown by the floating zone method [17] . The samples were prepared with faces normal to x a, y b * , and z c, where a and b are the trigonal lattice vectors shown in Fig. 1 and c is the trigonal axis perpendicular to the (a, b) plane. Prior to the velocity measurements, all faces were polished in order to mount two 30-MHz LiNbO 3 transverse or longitudinal piezoelectric transducers on opposite faces. An ultrasonic interferometer was used to measure the change in the relative velocity ( V /V ) of the first transmitted echo. The sample lengths along the directions of propagation (1.38 × 2.05 × 3.88 mm 3 ) were sufficient in order to determine the relative velocity variation with a resolution better than V /V ≈ 10 −6 . As demonstrated over many years, this technique is well adapted to the detection of magnetic and structural phase transitions [18] [19] [20] [21] [22] . The velocity of longitudinal and transverse modes propagating along different directions can be used to determine the principal elastic constants [23] . For crystals with a trigonal symmetry, the specific relations between the measured velocity and the effective elastic constants C eff are listed in Table I .
As determined from velocity measurements, we present in Fig. 2 , the temperature dependence of the relative variation of the principal elastic constants ( C/C) obtained for Ba 3 NbFe 3 Si 2 O 14 . All four elastic constants clearly reveal an anomaly at T N = 27.1(1) K which coincides very well with the reported magnetic phase transition observed by magnetization and neutron scattering measurements [24] . More importantly, our results do not show any anomaly around T p 120 K, recently conjectured from infrared and Raman measurements [16] . Thus, as the elastic properties are very sensitive to structural transitions, we rather believe that the symmetry of Ba 3 NbFe 3 Si 2 O 14 remains unchanged from room temperature down to the magnetic phase transition observed at T N = 27.1(1) K.
The effect of a magnetic field on the elastic properties of Ba 3 NbFe 3 Si 2 O 14 has also been examined. The principal TABLE I. Effective elastic constants C eff for the trigonal point group 32 for different directions of propagation and polarization relative to the cartesian coordinate axis shown in Fig. 1 . results, for a field applied either along the c axis or the y axis, are presented in Fig. 3 and show that the Néel temperature changes at a rate of dT N /dH = −0.025(5) K/T. Moreover, the largest temperature and field variation (∼0.5%) is observed on the shear mode ( C 66 /C 66 ) while the field dependence for 
and 4). For longitudinal modes, this steplike variation is associated with linear-quadratic coupling terms (g i e i S
2 ) between the strain components and the order parameter [20, 26] . Moreover, this coupling also accounts for the thermal lattice contraction or expansion below the Néel temperature. Therefore the step in C 33 /C 33 is an indication that there is a lattice variation along the c axis due to the magnetic chiral order. This is supported by x-ray powder-diffraction data on the isostructural compound Ba 3 SbFe 3 Si 2 O 14 , which indeed show a small lattice expansion along the c axis [24] . Based on a Landau analysis, considering that the existence of an electric polarization along the a axis [11] can only be accounted for by a threefold symmetry breaking taking place at T N , we would therefore expect a similar step like anomaly on C 11 . While the absence of the steplike anomaly on C 11 does not necessary rule out the existence of a structural transition at T N , it is a clear indication that the coupling between the electric polarization and the strain is small. This might explain why there is so far no direct evidence of a structural transition at T N from x-ray measurements.
While the magnetic transition is clearly visible in the temperature dependence of all elastic constants, the comparison of C 33 measured at H c = 0 and 16 T reveals a second anomaly around T x 14 K. In fact, a close inspection of the data presented in Fig. 4 , where we present the derivative of the elastic constants (dC/dT ) as a function of temperature, reveals that this anomaly is visible in all elastic constants, except for C 44 . As the change in the slope, close to T x , is very gradual in comparison with what we observe at T N , we rather associate this second anomaly with a change in an electronic relaxation process, as observed in the ESR linewidth and the dielectric constant around the same temperature. [24, 27, 28] Recent electric polarization measurements carried out on Ba 3 NbFe 3 Si 2 O 14 [11] show the emergence of a dominant polarization oriented along the a axis without electric poling in zero magnetic field, which coincides with the magnetic order at T N . Assuming that the electric polarization is related to the triangular chirality, this is in line with the fact that the complex network exchange interaction in Ba 3 NbFe 3 Si 2 O 14 stabilizes a single chiral state below the Néel temperature, as shown by neutron scattering. These measurements also demonstrate that there is an additional electric polarization induced by a magnetic field in the triangular plane; a field applied along b * (y) generates a polarization P a , while a field along the a-axis induces a polarization P b * . Moreover, the direction of the polarization can be reversed above a certain value of the external magnetic field. Thus, in order to gain further information about the correlation between the magnetic chiral state, the field-induced ferroelectric polarization, and the external field orientation, we measured the angular dependence of C 11 as a function of a constant field rotating in the ab-plane. First, we present in Fig. 5 the angular dependence of C 11 /C 11 measured in the paramagnetic state at 30 K for a field H ab = 16 T. The data can be analyzed using a Landau model taking into account the coupling between the strain 134433-3 components and the magnetization. For a field applied in the basal plane, the total free energy can be written as
Using the symmetry operations associated with the trigonal point group (32), the invariant terms correspond to
which represents the Landau free energy expansion in terms of the induced magnetization M. The elastic energy associated with the trigonal point group (32) is given by F e (e α ) = 
where C αβ are the elastic constants (C 66 =
, and e α correspond to the strain components with α,β = 1, . . . ,6 being the Voigt indices [23] . Finally, the energy due to the linearquadratic coupling terms (e α M 2 ) between the strains and the induced magnetization reduces to 
where φ is the angle of the field with respect to the direction of propagation (the x direction, see Fig. 1 ) and K αβ are the coupling coefficients. The solutions for the strains induced by the magnetic field are determined by minimizing the total free energy with respect to the strains, ∂F t /∂e α = 0, and give
Based on this analysis for the paramagnetic state, the effect of a field applied along the a axis (which coincides with the direction of propagation of the acoustic mode, φ = 0) is to produce lattice distortions (e 1 − e 2 and e 4 ) proportional to the square of the induced uniform magnetization. In other words, as a field along the a axis removes only the c-axis threefold symmetry, a lowering of the crystal symmetry from trigonal to monoclinic is taking place due to the magnetoelastic coupling. Moreover, as the field deviates from the a direction, additional shear deformations (e 5 and e 6 ) are also produced, reducing the symmetry further down to triclinic. These deformations are therefore responsible for the angular dependence of the elastic constants relative to the field direction. The analytic solution for C 11 is obtained using
Thus the influence of a field applied in the ab-plane on the relative variation on C 11 is given by
As shown in Fig. 5 , this analytical solution [Eq. (7)] agrees well with the experimental data obtained in the paramagnetic state. We obtain that the coupling constants are K 11 = 0.00234 (2) In order to quantify these constants, we consider that C 14 = C 13 = 0 as they are, in general, significantly smaller then the principal elastic constants C ii . These numerical estimates indicate that the spin-lattice coupling is effectively weak and therefore, any structural transitions associated with the chiral state are likely to be of the same order of magnitude. This is also compatible with the fact that no significant steplike variation in C 11 /C 11 is observed at T N (Fig. 3) . The angular dependence in the paramagnetic state (30 K at 16 T) is also compared in Fig. 6(b) to similar results obtained in the chiral magnetic state (20, 10, and 2.5 K). In the ordered state, we should expect deviations from the angular dependence associated with the uniform magnetization [Eq. (7)] due to the antiferromagnetic chiral order and the field induced electric polarization. While the angular dependence due to the uniform magnetization is maintained at all temperatures, the evidence of a steplike feature with an angular hysteresis (between clockwise and counterclockwise measurements) around −12
• is observed only in the magnetically ordered state. Moreover, measurements at T = 2.5 K [see Fig. 6(a) ] also indicate that the width of the angular hysteresis increases as the field increases. The variation of C 11 /C 11 ∼ 3.2 × 10 −5 measured at 2.5 K and 16 T, clearly indicates the existence of a small coupling between the strains, the chiral magnetic state, and the field induced polarization. We attribute the hysteresis to a first order transition associated with the sudden change in the field-induced distortion of the chiral magnetic state, which affects the direction of the electric polarization via the magnetoelectric coupling. As shown by Lee et al. [11] , a magnetic field H a induces a polarization P b * (normal to the field) while the field H b * rather stabilizes a polarization along the a axis (P a ). Therefore we can assume that the polarization induced along b * when the field is oriented along a (φ = 0) will suddenly rotate by 90
• toward the a axis when the field rotates by more than 12
• toward the b * axis (φ = 90 • ), in an attempt to maintain an angle of ≈90
• between the applied magnetic field and the polarization. While at this point we can only speculate about the polarization direction, our measurements demonstrate that the change in the polarization direction, associated with the magnetic chiral state, is not continuous as the field is rotated in the ab plane.
In summary, our study of the elastic properties of Ba 3 NbFe 3 Si 2 O 14 reveals no structural transition at 120 K as proposed by Toulouse et al. [16] , while the magnetic phase transition associated with the chiral state is clearly visible at T N = 27.1(1) K (Fig. 3) . According to the electric polarization data of Lee et al. [11] , this magnetic transition is accompanied by a spontaneous ferroelectric polarization with a dominant component along the a axis at zero magnetic field. In that case, based on symmetry arguments, the presence of a electric polarization along the a axis should reduce the crystal symmetry. However, so far, only indirect indications of such a structural transition have been obtained from resonant x-ray diffraction [29, 30] and from Mössbauer measurements [31] . Those were modeled with two inequivalent sites per trimer which lead to inequivalent intratriangle J 1 interactions. In that context, the spin configuration deviates from the 120
• arrangement, as recently confirmed by Neutron scattering [13] . Moreover, due to the helical nature of the spin arrangement along the c axis over seven planes, Chaix et al. [13] proposed a "bunched helical structure" in order to account for a net electric polarization over the period of the helix. Independently of the mechanisms that lead to the observation of an electric polarization at zero field, the presence of a net polarization should coincide with structural deformations. Assuming that the variation in C 11 is due to the lattice-polarization coupling, the observation of an angular hysteresis in the chiral magnetic state gives additional evidence for a symmetry breaking in the magnetic chiral state associated with the field-induced polarization [11] .
In conclusion, as the estimated deformation amplitude is small (e 1 − e 2 10 −5 ), this might explain why there is no direct observation based on thermal expansion or x-ray measurements. While Ba 3 NbFe 3 Si 2 O 14 should still be considered to be a magnetically induced multiferroic, the microscopic mechanism leading to the magnetoelectric effect in zero field remains unclear. However, the polarization enhancement under a magnetic field can be accounted for by the field-induced deformation of the 120
• magnetic arrangement based on the magnetoelectric coupling form, based purely on symmetry arguments [13] .
